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Abstract 
      
      
PM10 is a notorious air pollutant that often degrades the air quality in Cape Town. 
Previous studies have attributed high concentrations of PM10 over Cape Town to local 
sources, neglecting the influence of remote sources. The present study investigates 
the influence of remote and local pollution sources to PM10 episodes over the city. The 
study analysed observations from Cape Town’s air quality monitoring stations and 
simulations from the Weather Research and Forecasting model with Chemistry (WRF-
Chem). The observation data were used to identify PM10 episodes over the city 
between 2008 and 2014 and WRF-Chem was applied to simulate the atmospheric 
conditions and PM10 transport over southern Africa a few days before, during, and 
after each episode. To examine the sensitivity of the simulations to chemistry 
parameterisation, two chemistry parameterisation schemes were used in the study. 
The two schemes are RADM2 chemistry scheme coupled with the MADE/SORGAM 
aerosol module (RMS) and RADM2 coupled with the GOCART aerosol module (RGC). 
While RMS accounts for aerosol feedbacks, RGC does not. The capability of the 
model (with each scheme) to reproduce the PM10 concentration and wind over Cape 
Town was quantified by comparing the simulations with the station observation data. 
To identify the paths of air parcels that arrived in Cape Town during each episode, the 
study employed back trajectory simulations from the Hybrid Single-Particle Lagrangian 
Integrated Trajectory (HYSPLIT) model and from the WRF-Chem output. A third WRF-
Chem simulation (KAYE) was performed in order to investigate the influence of 
idealized local emissions from Khayelitsha (one of the largest local sources of the 
pollutant in Cape Town) on the spatial distribution of PM10 concentration over the city. 
      
The results show that all the WRF-Chem simulations reproduce well the observed 
wind speed and direction over Cape Town during the episodes but struggle to 
reproduce the observed PM10. The simulations under-estimate the observed PM10 
concentration over the city and, in most cases, reproduce peaks in PM10 concentration 
days earlier or later than the observations. However, the simulations agree with the 
HYSPLIT back-trajectory simulations that most of the air parcels over Cape Town 
during the episodes came from central southern Africa or the Namibian coast and 
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travelled over the Kalahari, Namib, or both deserts before reaching Cape Town. The 
RMS simulations link the peaks in PM10 concentration over Cape Town with the 
transport of the pollutant from the north-west coast of southern Africa, featuring a 
coastal trough and a plume of PM10 along the coast. The study reveals that north-
westerly flows provides a conducive condition for the long-range transport of PM10 to 
Cape Town, while south-easterly winds favour the transport of PM10 from Khayelitsha 
emissions to the city. 
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Chapter 1 – Introduction 
       
      
1.1. What is PM10? 
Particulate matter (PM), also known as aerosols, is a mixture of tiny solid and/or liquid 
particles that are suspended in the atmosphere (WHO, 2006; Perrino, 2010). It is a 
complex air pollutant which comprises a wide variety of particles such as acids, dust, 
sea salt, volcanic ash, pollen, and soot. The particles vary in size, or aerodynamic 
diameter, from a few nanometers to about 100 μm (WHO, 2006; Perrino, 2010). PM10 
refers to the particles with an aerodynamic diameter less than or equal to 10 μm 
(Figure 1.1). Moreover, PM10, as opposed to other PM sizes, is adopted by many 
regulatory bodies as the main health standard or indicator for particulate pollution 
(Wicking-Baird et al., 1997; Triantafyllou, 2001; WHO, 2005).      This standard is 
chosen as PM10 represents the particle size range responsible for most of the adverse 
health effects from particulate pollution (Wicking-Baird et al., 1997; Triantafyllou, 2001; 
WHO, 2005). 
      
 
Figure 1.1: The relative sizes of PM10 and PM2.5 particles (source:  
https://www.arb.ca.gov/research/aaqs/common-pollutants/pm/pm.htm). 
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Based on simultaneous measurement of number and size of particles present in the 
atmosphere, PM10 is usually classified into three size categories (or modes), namely: 
nucleation, accumulation and coarse modes (Wicking-Baird et al., 1997; Pope and 
Dockery, 2006; WHO, 2006; Perrino, 2010). These PM10 number-size distribution 
categories are frequently associated with certain types of source mechanisms and 
transformation processes of atmospheric particulates. Nucleation mode particles (also 
known as ultrafine or Aitken mode particles), which have an aerodynamic diameter 
less than 0.1 μm, are produced by condensation of gases as well as combustion 
processes (Wicking-Baird et al., 1997; Pope and Dockery, 2006; WHO, 2006; Perrino, 
2010). Accumulation mode particles, which are between 0.1 and 1 μm in aerodynamic 
diameter, are generated by coagulation of particles in the nucleation mode and by 
condensation of gases (Wicking-Baird et al., 1997; Pope and Dockery, 2006; WHO, 
2006; Perrino, 2010). Coarse mode particles, with an aerodynamic diameter between 
1 and 10 μm, are formed by mechanical processes (Wicking-Baird et al., 1997; Pope 
and Dockery, 2006; WHO, 2006; Perrino, 2010). Nevertheless, the three categories 
are usually simplified into two principal groups, namely, fine particles (or the fine 
fraction) and coarse particles (or the coarse fraction) (Wicking-Baird et al., 1997; 
WHO, 2006; Pope and Dockery, 2006; Perrino, 2010). The boundary between the two 
fractions is typically between 1 and 2.5 μm (WHO, 2006), however, for measuring 
purposes, the limit is fixed at an aerodynamic diameter of 2.5 μm (WHO, 2006). As 
such, the coarse fraction (often referred to as PM2.5 – 10) encompasses the particles 
with an aerodynamic diameter between 2.5 and 10 μm, and the fine fraction (referred 
to as PM2.5) comprises those that are smaller than 2.5 μm in diameter.   
      
1.2. Sources and general characteristics of PM10 
PM10 can be generated by a wide variety of natural as well as anthropogenic sources. 
Natural sources of the pollutant include sea spray, wind-blown dust, volcanic 
eruptions, and wildfires. Anthropogenic particles can be produced by combustion of 
fossil-fuels (for example, coal, oil, and gas in industrial processes, vehicles, and power 
plants), biomass burning, and construction activities. A distinction is also made 
between primary and secondary particles. Primary particles are released directly from 
their sources into the atmosphere, while secondary particles form in the atmosphere 
from chemical reactions (mostly oxidation) of gaseous precursors such as sulphur 
3 
 
dioxide (SO2), ammonia (NH3), nitrogen oxides (NOx), and heavy organic gases 
(Perrino, 2010; Edgerton et al., 1999; Kumar et al., 2016). 
 
The sources from which the PM10 derives influence the characteristics (such as size 
and chemical composition) of the particles present in the atmosphere (Perrino, 2010). 
For example, wind-blown dust tends to comprise of mineral oxides (Perrino, 2010), 
fossil fuel and biomass combustion emit mainly carbonaceous particles (Lenschow et 
al., 2001; Perrino, 2010), while oxidation of precursor gases such as NOx and SO2 
produces inorganic acids such as nitric acid (HNO3) and sulphuric acid (H2SO4), 
respectively (Perrino, 2010). Similarly, mechanical processes such as wind and road-
dust resuspension mainly generate coarse particles, while combustion activities 
mainly generate fine particles (WHO, 2005). 
 
The characteristics of the particles, especially their size, in turn determine how long 
they remain suspended in the atmosphere (i.e., their residence time) (WHO, 2006; 
Perrino, 2010). For example, fine particles, due to their smaller size, have longer 
residence times than coarse particles as they are not easily removed from the 
atmosphere via dry deposition (WHO, 2006; Perrino, 2010). Residence time, in turn, 
determines how far the particles can be transported from where they are formed; 
particles with longer residence times tend to travel furthest from their source. Travel 
distances typically range between 500 and 1000 km for coarse particles and between 
2000 and 4000 km for fine particles (WHO, 2006). 
 
1.3. Impacts of PM10 pollution 
Accumulation of PM10 in the atmosphere has a wide-range of consequences for 
climate, visibility, and human health. Based on their chemical compositions, the 
particles can affect climate by absorbing or scattering incoming solar radiation (the so-
called ‘direct aerosol effect’) (Charlson et al., 1992; Tie and Cao, 2009; Perrino, 2010; 
Forkel et al., 2012). Absorption of solar radiation can lead to regional heating of the 
atmosphere, while scattering of solar radiation can cause cooling (Forkel et al., 2012). 
PM10 can also affect climate indirectly, through its influence on the optical properties 
of clouds (Tie and Cao, 2009; Forkel et al., 2012). Particles which serve as cloud 
condensation nuclei (CCN) can affect properties such as precipitation efficiency, 
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lifetime of clouds, and cloud cover (Tie and Cao, 2009; Forkel et al., 2012), thereby 
leading to indirect forcing through the changes in these properties (Tie and Cao, 2009; 
Forkel et al., 2012). 
 
Absorption and scattering of solar radiation by PM10 can also reduce visible light 
(Wicking-Baird et al., 1997; Walton, 2005; Tie and Cao, 2009). Under high pollutant 
concentrations, the reduction of visible light can lead to impaired visibility (Knight et 
al., 1975; Wicking-Baird et al., 1997; Walton, 2005; Tie and Cao, 2009; Hidy et al., 
1975), which can cause havoc on transportation, leading to difficulties in day to day 
life and economic development (Tie and Cao, 2009). 
 
Due to their small size, PM10 can penetrate human lungs and cause a wide variety of 
cardiopulmonary diseases (Figure 1.2) (Folinsbee, 1992; Pope and Dockery, 2006; 
WHO, 2006). Exposure to the pollutant can decrease lung function (Pope et al., 1991), 
aggravate diseases such as asthma (Whittemore and Korn, 1980; Pope, 1991; Pope 
et al., 1991; Choudhury et al., 1997) and ischemia (Bell et al., 2008; Yitshak-Sade et 
al., 2015), and raise the likelihood of developing lung cancer (Pope et al., 2002; Parent 
et al, 2007; Tie et al., 2009). Studies have also linked maternal exposure to PM10 
during pregnancy to adverse birth outcomes such as pre-term delivery (Ha et al., 
2014), very pre-term delivery (Ha et al., 2014), and low birth weight (Chen et al., 2002; 
Dugandzic et al., 2006; Bell et al., 2007; Seo et al., 2010; Ha et al., 2014). Children 
born with these outcomes have a higher risk of respiratory failure shortly after birth 
(Escobar et al., 2006), childhood asthma (Sonnenschein-van der Voort et al., 2014), 
and developing disorders such as type 2 diabetes and insulin resistance later in life 
(Hofman et al., 2006). 
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Figure 1.2: Potential biological mechanisms of cardiopulmonary disease and mortality linked to PM 
exposure (Source: Pope and Dockery, 2006). 
      
1.4. Air quality in Cape Town and the problem of PM10 pollution  
Poor quality is a problem which has long been a major concern in Cape Town 
(Wicking-Baird et al., 1997). During the 1950s and 1960s, the city experienced thick 
smog which was attributed to the three power stations in the city, industrial 
incinerators, coal-burning locomotives and tugs, and heavy fuel burning appliances 
(Wicking-Baird et al., 1997; Walton, 2005). In 1968, measures were taken by city 
council to reduce the air pollution, which was achieved successfully by the late 1970s 
through closure of two of the power stations, termination of coal-burning locomotives 
and tugs, and enforcement of standards for fuel burning appliances (Wicking-Baird et 
al., 1997; Walton, 2005). Despite these efforts, brown-coloured smog, which came to 
be known as “brown haze” (Figures 1.3 and 1.4), began to emerge as a serious air 
pollution problem in the city (Wicking-Baird et al., 1997).  
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Figure 1.3: Layer of brown haze pollution over the Cape Flats in Cape Town (Source: City Health 
Department, 2005). 
 
 
Figure 1.4: Brown haze pollution over the southern suburbs of Cape Town (Source: 
http://footage.framepool.com/en/shot/900287203-table-mountain-cape-town-haze-landmark-sights). 
 
The brown haze, which is largely due to the accumulation of PM10 in the atmosphere 
(Wicking-Baird et al., 1997; Weber, 2004; City Health Department, 2005; Walton, 
2005), is a recurrent occurrence over Cape Town. The phenomenon, often 
accompanied by reduced visibility, occurs mostly between April and September as 
climatic conditions during this period favour its formation (Wicking-Baird et al., 1997). 
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It extends over large parts of the Cape Town metropolitan area but shifts with the wind 
direction (Wicking-Baird et al., 1997). The pollution is most intense in the morning 
(Wicking-Baird et al., 1997), and particulate concentrations during haze events can 
reach levels comparable to heavily-polluted international cities (Wicking-Baird et al., 
1997).  
  
As part of the efforts to reduce health impacts of poor air quality in Cape Town, city 
council undertakes various measures to combat local pollution. To get a better 
understanding of the brown haze pollution, city council initiated two studies, the Cape 
Town Brown Haze Study I, directed by the Energy Research Institute, and the Cape 
Town Brown Haze Study II, directed by the Climatology Research Group (Wicking-
Baird et al., 1997; Weber, 2004). The first study aimed to identify the major sources of 
the haze and their relative contributions (Wicking-Baird et al., 1997), while the second 
study aimed to characterise the nature and properties of the haze (Weber, 2004). The 
municipality (as well as the Western Cape Government: Department of Environmental 
Affairs and Development Planning and the Airports Company South Africa in Cape 
Town) also operates a number of air quality monitoring stations which continuously 
measure ambient concentrations of PM10 in the city (City Health Department, 2005). 
Furthermore, the municipality also works towards improving the air quality in informal 
areas and controls local vehicle emissions in the city (City Health Department, 2005). 
 
The PM10 pollution in the city has largely been attributed to local vehicle emissions 
(Wicking-Baird et al., 1997; Weber, 2004). Other concerning sources include the glass 
producing factory and the oil refinery, both located in the northern suburbs of Cape 
Town, as well biomass burning in townships (Wicking-Baird et al., 1997; Walton, 
2005). Particularly, the township of Khayelitsha has been implicated as a major source 
of particulate pollution over Cape Town (City Health Department, 2005; Walton, 2005). 
This has mainly been attributed to domestic biomass burning for cooking and heating, 
as many households in the township do not have electricity (City Health Department, 
2005). However, given that sources of PM10 can be both local and remote, it is possible 
that PM10 from outside of Cape Town contributes to the pollution in the city. Therefore, 
in order to effectively manage the health impacts of PM10, there is a need to study the 
atmospheric conditions that favour occurrence of widespread PM10 episodes over 
Cape Town and to understand transport of the pollutant from remote and local sources 
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over the city during the episodes. This information is crucial for development of a 
reliable early warning system on PM10 episodes over the city. The present study is an 
attempt to provide such information. 
 
1.5. Aims and objectives 
The aim of this study is to investigate the transport of PM10 over Cape Town during 
high pollution episodes in the city. The objectives are to: 
i. understand the spatial and temporal variations of observed PM10 
concentrations in Cape Town and the associated atmospheric conditions; 
ii. study the spatial distribution of PM10 and atmospheric conditions during high 
pollution episodes in Cape Town and examine how well the WRF-Chem model 
captures them; 
iii. study the sensitivity of the WRF-Chem simulations to different chemistry 
parameterisation schemes; and 
iv. investigate the influence of idealised emissions from Khayelitsha on the spatial 
distribution of PM10 concentrations over Cape Town. 
 
The dissertation is divided into eight chapters. After the introduction, Chapter 2 
presents the literature review, while Chapter 3 describes the data and methods used 
in the study. The results are presented and discussed from Chapters 4 to 7. The 
concluding summary and suggestions for future research are presented in Chapter 8. 
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Chapter 2 – Literature review 
 
      
Chapter 2 reviews the relevant literature pertaining to high PM10 episodes. It looks at 
the factors associated with heavy PM10 pollution, namely: meteorological conditions, 
local pollution emissions, and long-range PM10 transport. The chapter also looks at 
various methodologies which have been applied to study the transport of PM10 
pollution.  
 
2.1. Factors inducing high PM10 levels 
      
2.1.1. Meteorological conditions 
Various studies have discussed the meteorological conditions which are conducive to 
high PM10 concentrations in the atmosphere. For example, Bielawska and Wardencki 
(2014) found that winter-time heavy PM10 events in Gdańsk (Poland) are linked to anti-
cyclonic circulation over the city. Under the circulation pattern, the city experiences 
low temperatures, low wind velocities, and stable atmospheric conditions, often with 
an inversion layer, leading to accumulation of PM10 (Bielawska and Wardencki, 2014). 
Across the Baltic Sea, Pohjola et al. (2004) examined a heavy air pollution episode 
which occurred in Helsinki (Finland), in which concentrations of PM10 (and other 
pollutants) in the city were considerably high over a period of three days. The study 
showed that the enhanced pollution was caused by high atmospheric pressure 
conditions which prevailed over southern Finland during the episode period, leading 
to weak surface winds and formation of a strong surface radiation inversion.  
 
Triantafyllou (2001) investigated the major synoptic circulation patterns associated 
with high PM10 episodes in the Eordea mountain basin, north-west of Greece. The 
study found that the pollution events were mostly a result of anti-cyclonic circulation 
over the basin, which occurs when a high pressure system covers the Balkan 
Peninsula or an anticyclone over central and western Europe extends or strengthens 
over the Peninsular, weakening the pressure gradient over the area. Under such 
conditions, subsidence inversions and weak winds develop over Eordea, trapping 
PM10 pollution in the basin. Nevertheless, the study also found that some PM10 
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episodes in the basin occur under strong wind conditions associated with south-
eastward moving cold fronts over southern Europe. These episodes were attributed to 
resuspension of dust, as the strong winds entrain dust particles into the ambient air 
(Triantafyllou, 2001). 
 
In Calexico/Mexicali (the border area between Mexico and the United States), Kelly et 
al. (2010) showed that local PM10 episodes in the region, which commonly occur over 
winter, are associated with weak wind speeds (<2 m s-1) and a stable boundary layer 
height below 500 m. He et al. (2014), who investigated a severe haze episode in 
Beijing (China), where daily-averaged PM10 concentrations reached 450 μg kg-1, also 
showed that wind speed as well boundary layer height are key variables controlling 
the particulate pollution. Additionally, He et al. (2014) demonstrated the interplay 
between the two variables during the haze formation. The study showed that during 
high wind conditions, particle concentrations were mainly influenced by horizontal 
transport, as the severe haze only formed when the wind speed decreased 
considerably (below 1 m s-1). Under the low wind conditions, the horizontal transport 
became weak, and concentrations were influenced by vertical mixing (He et al., 2014). 
Under a shallow planetary boundary layer height, particles accumulated near the 
surface and generated the high concentrations over Beijing (He et al., 2014).  
 
Jury et al. (1990) studied the meteorological conditions associated with winter-time air 
pollution episodes in Cape Town. The study reported that the episodes are initiated 
by the passage of anti-cyclonic systems over the south-west coast of southern Africa. 
Under the circulation pattern, Cape Town experiences extended periods of subsidence 
motion, which promotes accumulation of pollution in the city (Jury et al., 1990). In 
addition, the study found that dry, north-easterly ‘berg’ winds are a common feature 
over Cape Town during the high pollution episodes (Jury et al., 1990). The berg winds, 
which occur over the city ahead of an approaching cold front, result in strong overnight 
temperature inversions and contribute to the development of the pollution episodes 
(Jury et al., 1990). Tesfaye et al. (2015) investigated the spatio-seasonal distributions 
of aerosol dust loadings over southern Africa. Their study showed that during autumn 
and winter, anti-cyclonic circulation over the region generates PM10 dust particles over 
the Namib and Kalahari desert areas and transports the particles towards the western 
and southern parts of South Africa (including the Western Cape Province). 
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Nevertheless, Jury et al. (1990) only considered the conditions associated with SO2 
and NOx episodes and did not include PM10, and Tesfaye et al. (2015)  did not examine 
the influence of the dust on local PM10 concentrations over Cape Town (or any specific 
location). The present study examines the atmospheric conditions that are associated 
with PM10 episodes over Cape Town. 
 
2.1.2. Local pollution emissions 
Besides the influence of meteorological conditions, localised PM10 episodes result 
from the emission of large amounts of pollution into the atmosphere. Moreover, some 
activities, either due to the large extent over which they are conducted or the large 
amounts that individual sources emit, can result in substantially high ambient PM10 
concentrations. For example, Mira-Salama (2008) analysed the PM10 particles during 
a severe smog episode in Krakow (Poland) and concluded that the pollution was 
mainly due extensive residential coal burning in the city. In New Zealand, Krivacsy et 
al. (2005) examined the chemical composition of PM10 in the cities of Auckland and 
Christchurch during winter-time high-level pollution episodes. The study showed that 
during the events, the PM10 in both cities are dominated by carbonaceous material, 
which is attributed largely to biomass burning for domestic heating. Aarnio et al. (2008) 
investigated both the local pollution- and long-range transport-induced PM10 episodes 
in Helsinki (Finland) and reported that the locally-driven episodes are due to traffic-
induced suspension of dust particles.  
 
In some instances, uncharacteristically high PM10 levels can occur due to anomalous 
local pollutant emissions. Globally, annual firework and bonfire displays during festival 
celebrations have been shown to generate large smoke plumes which result in a sharp 
increase in local PM10 levels. In Naples (Italy), for instance, high PM10 concentration 
events are often observed on the 1st of January and the 17–18th of the same month 
(Fortelli et al., 2016). The former is due to PM10 emissions from fireworks for New 
Year’s celebrations, while the latter results from bonfires generated during the Saint 
Antony Abbot festival (Fortelli et al., 2016). In India, peak PM10 concentrations are 
often observed during the annual Diwali celebrations in October/November. Ambade 
(2018) analysed the air pollution deriving from fireworks displays during the religious 
festivities in Jamshedpur (India) and found that during Diwali day, extremely high 12-
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h PM10 concentrations, up to 500 μg m-3, were recorded in the city. The study also 
estimated that pollution from the fireworks accounted for 21 – 27% of the ambient PM10 
concentrations in the city. Barman et al. (2008) found that in Lucknow City, India, the 
daily-average PM10 concentration during Diwali day can reach over 700 μg m-3, which 
is up to 5 times higher than normal-day concentrations. In the United Kingdom (UK), 
firework and bonfire-related PM10 peaks are often observed around 5 December, 
during Guy Fawkes (or Bonfire Night) celebrations. Pope et al. (2016) studied the 
influence of Guy Fawkes bonfire and firework displays on the levels of ambient 
pollution in the UK and observed a sharp increase in the PM10 concentrations at 
various monitoring sites across the country.  
 
In Cape Town, Wicking-Baird et al. (1997) quantified the relative contributions of major 
sources of the brown haze. The study reported that local vehicle emissions are the 
main source of the pollution, contributing about 65%. Emissions from local industries 
were the next major source, contributing about 22%, followed by wood-burning, which 
contributes about 11% (Wicking-Baird et al., 1997). Weber (2004), in agreement with 
Wicking-Baird et al. (1997), reported that vehicle emissions are the main source of the 
haze. Furthermore, Walton (2005) indicated that two local industries, Consol Glass 
and Caltex Oil Refinery, are major point sources, while the Airport, the CBD, and the 
townships of Mitchell’s Plain and Khayelitsha are major area sources contributing to 
the haze.  The present study improves knowledge on the transport and spatial 
distribution of PM10 from Khayelitsha during PM10 episodes in Cape Town. 
 
2.1.3. Long-range transport 
While the prevailing atmospheric conditions and local pollution emissions in an area 
can largely explain the occurrence of high PM10 concentration events, studies have 
also shown that the transport of PM10 from remote sources can lead to enhanced 
pollution levels at receptor sites. For instance, Sun et al. (2000) and Wang et al. (2004) 
have shown that high PM10-concentration events regularly experienced in the spring 
in Beijing (China) are linked to transport of dust from Kazakhstan, Mongolia, and Inner 
Mongolia. On the other hand, elevated PM10 concentrations in Seoul (South Korea) 
have been linked to transport of carbonaceous, fine, and coarse particles from heavily-
industrialised areas in east and north-east China (Jeong et al., 2011). Between 
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October and November of 2012, Delhi (India) experienced a severe smog episode that 
enveloped the region for several consecutive days (Sati and Mohan, 2014), where 
daily-averaged PM10 concentrations of up to 989 μg m−3 were recorded over the city 
(Sati and Mohan, 2014). Sati and Mohan (2014) examined the air pollution during the 
episode and showed that the smog resulted from the transport of soot and smoke 
particles deriving from the agricultural waste burning in the Punjab area, north-west of 
Delhi.  
      
The passage of deep low pressure systems and their associated cold fronts over 
Australia often generates strong winds that entrain large amounts of dust over the 
continent, resulting in massive dust storms (Knight et al., 1995; Leys et al., 2011). 
During one such event, which occurred in September of 2009 (Leys et al., 2011), 
particles were transported eastwards from central Australia and resulted in daily-
average PM10 concentrations exceeding 1700 μg m-3 at various locations along the 
Australian east coast (Leys et al., 2011). Transport of dust particles during the storms 
can also surpass the continental boundary, crossing the Tasman Sea and into New 
Zealand (Knight et al., 1995). For instance, Knight et al. (1995) estimate that, of the 
~1.9–3.4 Mt of dust lost from the Australian continent during a December 1987 dust 
storm, ~1.7–3.0 Mt were transported into New Zealand. Dust storms over Asia have 
also been shown to cause massive pollution episodes far beyond the continental 
boundary. For example, Husar et al. (2001) tracked an intense dust storm that formed 
over the Gobi Desert (Mongolia and north central China) in April of 1998 and 
demonstrated that over a few days, the dust crossed the Pacific Ocean and reached 
the North American west coast. The dust cloud covered most of the west coast, from 
California to British Columbia, increasing PM10 concentrations up to 100 μg m-3 over 
British Columbia (Husar et al., 2001). Furthermore, Zhao et al. (2008) investigated the 
influence of Asian dust transported across the Pacific on PM10 concentrations in North 
America and showed a strong correlation between inter-annual variability of Asian dust 
storms and PM10 levels the western United States.  
 
Countless studies have also shown that dust from the Sahara Desert (in North Africa) 
is a major source of PM10 episodes well beyond the African continent. For instance, 
peak PM10 concentration events over the Canary Islands (Viana et al., 2002; 
Menendez et al., 2009) and across the Mediterranean region, including the Iberian 
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Peninsula (Rodriguez, et al., 2001; Escudero et al., 2006), central Italy (Nava et al., 
2012), Greece (Matthaios et al., 2017), the Anatolian Peninsula (Kabatas et al., 2018), 
and Cyprus (Achilleos et al., 2014), have been associated with the intrusion of dust-
rich air masses originating from the Sahara Desert. In south Germany, Flentje et al. 
(2015) estimated that almost all high-PM10 events between 1997 and 2013 resulted 
from transport of dust from the Sahara. In the UK, Ryall et al. (2002) examined a heavy 
PM10 episode which occurred over England and Wales in March of 2000 and showed 
that the pollution resulted from the long range transport of Saharan dust. Another 
study, Vieno et al. (2016), showed that dust from the Sahara Desert was one of the 
major contributors to the high PM10 event which occurred in the UK between March 
and April of 2014. The long-range transport of Saharan dust has also been linked to 
peak PM10 concentration events in Japan (Lee et al., 2003; Lee et al., 2010). 
      
The findings of these studies show that there is a pressing need to monitor PM10 
pollution on a regional scale over southern Africa. Some recent studies (i.e., Jenner & 
Abiodun, 2013, Abiodun et al., 2014, and Nzotungicimpaye et al., 2014) have 
investigated the influence of regional pollution transport in Cape Town. Abiodun et al. 
(2014) investigated the transport of nitrogen oxides (NOx) and nitric acid (HNO3), 
Jenner and Abiodun (2013) studied the transport of atmospheric sulphur, and 
Nzotungicimpaye et al. (2014) the transport of tropospheric ozone (O3). These studies 
linked episodes of NOx, SO2, and O3 pollution, respectively, in Cape Town to regional 
transport of pollution from the coal field emissions on the Mpumalanga Highveld. 
However, none of the studies focused on remote sources of PM10 in Cape Town. 
Hence, the present study will improve knowledge on transport of PM10 into Cape Town. 
 
2.2. Approaches for studying transport of PM10 
Previous studies have used adopted approaches or methods for studying transport of 
PM10 over an area. For example, Sati and Mohan (2014) used a combination of 
HYSPLIT and remote sensing data to study formation of the air pollution during the 
November 2012 smog episode over Delhi. The remote sensing data consisted of 
MODIS fire maps and ultra violet aerosol index (UVAI) data (Sati and Mohan, 2014). 
The fire maps were used to observe the occurrence and locations of agricultural waste 
fires over the Punjab area (north-west of Delhi) during the episode period, while 
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HYSPLIT forward trajectories were used to track the transport of air parcels from the 
fire locations into Delhi (Sati and Mohan, 2014). The study not only analysed the 
November 2012 smog event, but also looked the same period over the two previous 
two years, to observe the unique conditions which lead to the episode. The maps 
showed that fires over the Punjab were of the same extent in both 2010 and 2011, but 
the trajectories showed that the 2012 episode resulted from a larger number of air 
parcels from the fire area being advected towards Delhi (compared to the previous two 
years). Furthermore, the study used UVAI data to infer the increase in smoke and soot 
over Delhi during the 2012 episode, reflecting the biomass burning-origin of the 
particles over the city.  
 
Cheng et al. (2013) used HYSPLIT, the MM5 meteorological model, and CAMx to 
investigate the regional transport pathways that result in high PM10 events Guangzhou 
(China) and their relative contributions to the pollution in the city. In the study, output 
from the MM5 was used as input for running HYSPLIT, which was applied to conduct 
back trajectories of air parcels into Guangzhou.  CAMx was used to simulate PM10 
concentrations over Guangzhou and its surrounding areas, as well as to calculate the 
source appointment from different pollution sources and regions over the area. After 
the major air pollution transport pathways to Guangzhou were identified from the 
trajectories, the contribution from the various transport pathways to the PM10 pollution 
in Guangzhou was then calculated from the CAMx source apportioning (Cheng et al., 
2013).  
 
Viana et al. (2002) combined HYSPLIT back trajectories, station observations, TOMS 
aerosol index maps, and SeaWiFS imagery to examine the impact of North African 
dust transport on high PM10 events in the Canary islands. The station observations 
were used to identify episodes, and HYSPLIT trajectories were used to track the 
sources of air parcels arriving over the Islands during the episodes. The trajectories 
showed that the heaviest episodes occurred when air parcels originated over North 
Africa, and then TOMS maps and SeaWIFs imagery were utilized to confirm dust 
plumes extending from North Africa into the islands during some of the heavy 
episodes.  
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Although WRF-Chem has not been as extensively used as HYSPLIT to investigate 
PM10 transport, some studies have shown that the model can be effectively applied for 
the purpose. For example, Gupta and Mohan (2013) used WRF-Chem to study the 
influence of long-range pollution transport during high PM10 levels in Delhi (India). For 
the investigation, the study examined the influence of different geographical areas by 
running the model with nested domains, each progressively smaller than the parent 
domain (viz., covering all of Asia, only India, only North India, and the inner most 
domain covering only the Delhi region). Then, the study assessed the influence of 
remote sources on the pollution by examining the correlation between PM10 
observations and simulations (of varying geographical coverage) at various monitoring 
locations over the city. The results indicated that the model performed worst at 
reproducing the observed pollutant concentrations (especially the peaks) when the 
domain only covered the Delhi region, and improved progressively with increasing 
geographical domain coverage, which was used to infer the influence of regional and 
long-range transport pollution in the city. Kabatas et al. (2018) applied WRF-Chem to 
simulate and study the distribution of Saharan dust during an outbreak which 
contributed to enhanced daily PM10 concentrations over Turkey.  
 
The studies reviewed show that both HYSPLIT and WRF-Chem are valuable tools 
which can be used to assess the influence of remote PM10 sources at receptor sites.  
Furthermore, the studies show how monitoring the transport of the pollutant is 
effectively achieved when multiple techniques are used together. Hence, this study 
combines HYSPLIT and WRF-Chem to study the transport of PM10 over Cape Town 
during high pollution episodes.  
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Chapter 3 – Methodology 
 
 
Chapter 3 presents the data and methods used in the study. It describes the 
observations, the criteria applied to identify PM10 episodes in Cape Town, the WRF-
Chem model set-up, and the series of simulations performed with the model. The 
datasets used for the WRF-Chem simulations and trajectory analyses are also 
described.  
 
3.1. Station observation data 
Various organisations operate air quality monitoring stations in Cape. The stations 
typically measure ambient concentrations of selected air pollutants (e.g., PM10, NO2, 
O3, and SO2) as well as relevant meteorological parameters (e.g., wind speed and 
direction, temperature, and rainfall) over Cape Town. This study used data from 
thirteen of the stations in the city (Figure 3.1b), obtained from the Scientific Services, 
Water and Sanitation Department of the City of Cape Town, the Department of 
Environmental Affairs and Development Planning (Western Cape), and Airports 
Company South Africa (ACSA, Cape Town). The data comprised hourly PM10 
concentrations, temperature, wind speed, and wind direction for the period 2008 – 
2014 (the study period). The data were used to study the temporal variations of PM10 
in Cape Town and the associated atmospheric variables, to identify PM10 episodes in 
the city, and to evaluate the WRF-Chem model. 
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Figure 3.1: (a) The WRF-Chem simulation area showing the three nesting domains (d01, d02, and d03) 
used in this study. The brown contour lines show the topography, while the small black box indicates 
the location of Cape Town. The bottom panel (b) shows locations of the air quality monitoring stations 
in Cape Town used in the present study. 
      
3.2. Selection of PM10 episodes in Cape Town 
In this study, a PM10 episode was defined as a day where the daily average 
concentration of PM10 in Cape Town exceeded the South African daily (24-hour 
average) ambient air quality standard of 75 μg m-3 (Department of Environmental 
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Affairs, 2009) at two or more monitoring stations. Nine episodes were identified over 
the study period: one each in 2008 and 2012, two each in 2010 and 2011, and three 
in 2009. The episodes were named using the year in which they occurred. Where more 
than one episode was identified in a single year, alphabetical characters were used to 
represent the chronological order in which the episodes occurred. Table 3.1 provides 
a summary of the dates as well as the durations of the episodes. 
 
 
Table 3.1: The durations and dates of the PM10 episodes identified in Cape Town between 2008 and 
2014. 
Episode Duration (no. of days) Date 
2008 2 24 June 2008 − 25 June 2008 
2009a 1 05-Mar-09 
2009b 1 03-Apr-09 
2009c 1 04-Jul-09 
2010a 1 02-Jun-10 
2010b 1 08-Jul-10 
2011a 1 09-Jul-11 
2011b 2 15 July 2011 − 16 July 2011 
2012 1 25-Apr-12 
 
 
3.3. WRF-Chem model and simulations 
The Weather Research and Forecasting model with chemistry (WRF-Chem, version 
3.6.1) (Grell et al., 2005; Fast et al., 2006) was used in the study. WRF-Chem is a 
fully-coupled online model which can simulate the transport, chemical transformation, 
and mixing of aerosols and trace gases simultaneously with meteorological fields 
(Grell et al., 2005). A detailed description of the model is provided in Grell et al. (2005). 
For this study, the model was configured with three two-way nested domains (Figure 
3.1a), using the Lambert conformal projection. The largest domain (d01), which is 
centred at 29.57o E and 27.00o S, covers most of southern Africa with 384 x 200 
(longitude x latitude) grid points at an 18 x 18 km horizontal resolution. The second 
largest domain (d02), which covers most of South Africa, has 502 x 295 (longitude x 
latitude) grid points at a 6 x 6 km horizontal resolution, while the smallest domain, 
covering most of the Western Cape Province, has 541 x 421 (longitude x latitude) grid 
points at a 2 x 2 km horizontal resolution. Vertically, the model spans 31 sigma levels. 
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The model was applied to perform three experiments. The first experiment (hereafter, 
RMS) was used to examine how well WRF-Chem reproduces the observed PM10 and 
wind over Cape Town during the nine episodes and to study the spatial and temporal 
distribution of wind and PM10 transport during the events. The RMS simulations used 
the RADM2 chemistry scheme (Stockwell et al., 1990) coupled with the 
MADE/SORGAM aerosol module (Ackermann et al., 1998; Schell et al., 2001) (i.e., 
chem_opt = 41), with the Lin microphysics scheme (Lin et al., 1983). The RMS 
simulations include aqueous phase chemistry and account for aerosol-radiation 
feedback and indirect aerosol effect (including wet-scavenging). RADM2 combined 
with the MADE/SORGAM aerosol module has been extensively applied in the 
literature (e.g., Forkel et al., 2012; Kumar et al., 2016) to study aerosols over different 
parts of the world, including in southern Africa (e.g., Kuik et al., 2015). 
 
The second experiment (hereafter, RGC) was used to test the sensitivity of WRF-
Chem simulations to a change in the chemistry parameterisation. The RGC set-up 
used the RADM2 chemistry scheme combined with the GOCART aerosol module 
(Chin et al., 2000) (i.e., chem_opt = 303), with the WSM5 microphysics scheme (Hong 
et al., 2004). RADM2 chemistry scheme combined with the GOCART aerosol module 
is a non-aqueous chemistry parameterisation scheme. Hence, while RMS simulations 
allowed for aerosol feedbacks, the RGC simulations did not.  
 
The third experiment (KAYE) was used to study the influence of PM10 emissions from 
Khayelitsha, one of the major contributors to the PM10 load in Cape Town (e.g., Walton 
2005). The set-up for KAYE is similar to that of RGC, except that an idealized 
continuous area emission (of 10 mol km-2 hr-1) was introduced over the Khayelitsha 
area (18.61o – 18.76o E; 34.10o – 33.98o S). Since RGC and KAYE do not allow for 
aerosol feedbacks, their simulated atmospheric conditions will be the same and the 
difference between their simulated PM10 concentrations will be due to the influence of 
the idealised emissions from Khayelitsha. 
 
For each experiment, nine simulations were performed, one for each episode identified 
in the study. Each simulation covers a period of either thirteen days (for episodes 2008 
and 2011b) or twelve days (for the remaining seven episodes), which comprises the 
six days before, during, and the five days after the episode. The first day of each 
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simulation was regarded as model spin-up and not included in the analyses. For all 
the simulations, the Goddard short-wave radiation scheme (Chou and Suarez, 1994), 
the RRTMG long-wave radiation scheme (Mlawer et al., 1997), the YSU planetary 
boundary layer scheme (Hong et al., 2006), NOAH LSM scheme (Chen and Dudhia, 
2001), the Fast-J photolysis scheme (Wild et al., 2000), and the Grell 3-D cumulus 
parameterisation scheme (Grell and Devenyi, 2002) were applied. 
 
All the simulations were initialised and forced at the lateral boundaries using the NCEP 
CFSR data (Saha et al., 2010; Saha et al., 2011). The NCEP CFSR dataset, which 
has a 0.5o x 0.5o horizontal resolution and 6-h temporal resolution, was interpolated to 
the model grid using the WRF Pre-processing System (WPS). Due to the lack of 
comprehensive emission inventories for southern Africa, global emissions data 
obtained from the PREP-CHEM-SRC (version 1) emission pre-processor package 
(Freitas et al., 2011) were applied. The pre-processor utilised emissions from three 
inventories, viz., EDGAR version 4 (Olivier et al., 1996), GOCART (Chin et al., 2002), 
and RETRO (Schultz et al., 2007). Freitas et al. (2011) provide a detailed description 
of the pre-processor and the datasets. Although the resolution of emission datasets 
used in the simulations may be too low to account for local sources of PM10 (Figure 
3.2), they were used to meet the aim of the study which is to investigate the influence 
of regional transport of PM10 (from the remote sources) on air quality over the city 
during PM10 episodes. 
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Figure 3.2: Emissions rates of PM10 over the study domain. 
  
3.4. Air parcel trajectories 
To identify the transport pathways of air parcels arriving in Cape Town during the 
identified PM10 episodes, the study analysed three sets of back-trajectory simulations: 
one from the HYSPLIT model (Draxler and Hess, 1998), one using the RMS 
simulations as input, and another using the RGC simulations as input. The HYSPLIT 
model is able to compute simple air parcel trajectories to complex chemical 
transformation, dispersion, and deposition simulations (Stein et al., 2015). A detailed 
description of the HYSPLIT model can be found in Draxler and Hess (1998). The 
model has been widely applied to compute back trajectory analyses to determine the 
origin of air masses (e.g., Escudero et al., 2006; Middleton et al., 2008; Lee et al., 
2010; Jeong et al., 2011; He et al., 2014; Stein et al., 2015). A web-based version of 
HYSPLIT, provided through NOAA ARL’s READY platform (Rolph et al., 2017), was 
used in this study. For each episode, the model was used to compute three back 
trajectories, one each at 10, 100, and 1000 m above ground level. The trajectories, 
with a starting location of 18.66o E, 33.92o S (roughly the centre of Cape Town), were 
calculated over a four-day (96-hour) period, starting at the end (0000 UTC) of each 
episode (or the end of the first day of the episode, in the cases of 2008 and 2011b). 
The Global Data Assimilation System with a horizontal resolution of 1o x 1o, 23 vertical 
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layers, and a 3-hour temporal resolution (GDAS1), available on READY, was used to 
drive HYSPLIT. 
 
The other two sets of trajectories, one using the RMS simulations and the other using 
RGC simulations, were computed from a separate Lagrangian trajectory model. These 
trajectories were calculated with the same starting heights, location, and time as those 
of HYSPLIT. 
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Chapter 4 – Results and discussion part I: Temporal 
variation of observed PM10 in Cape Town 
 
 
This chapter describes the temporal characteristics of the observed PM10 
concentrations in Cape Town, with a focus on the diurnal, daily, and seasonal 
variations. It discusses how atmospheric conditions might have contributed to the 
variations and compares the pollutant characteristics in the study with those reported 
in previous studies. 
      
4.1. Diurnal variation 
The diurnal variation of PM10 concentrations over Cape Town (Figure 4.1a) shows two 
distinct peaks: a morning and an afternoon peak. The morning peak occurs between 
07:00 and 09:00, while the afternoon one occurs between 16:00 (e.g., at Killarney) 
and 20:00 (e.g., at the Airport). The distinction between the two peaks is clear at all 
the stations except Foreshore and Plattekloof. While Foreshore features a morning 
peak only, Plattekloof features an afternoon peak only. The difference between the 
magnitudes of the morning and afternoon peaks varies across the stations; it is 
relatively large (over 11.00 μg m-3) over North Khayelitsha and Vissershok (where the 
morning peak is noticeably higher than the evening peak), but small (less than 4.00 
μg m-3) for the remaining stations. The morning and afternoon peaks may be due to 
traffic emissions of PM10, as many people commute to school and work in the morning 
and back home in the afternoon. Moreover, in the morning people generally commute 
to school and work around the same time, but tend to commute back home at different 
times. This could explain why the morning peak occurs over a shorter period than the 
afternoon peak. The traffic emissions could also explain why, for most of the stations, 
the difference in the magnitudes of the morning and afternoon peak is small. For those 
stations it could be that, overall, the volume of traffic that passes through and produces 
the peak in the morning is about the same as that in the afternoon.  
 
Among the stations, North Khayelitsha features the highest PM10 concentration 
throughout the day (Figure 4.1a). This is likely due to additional emissions of PM10 
from activities other than traffic. Many households in the township of Khayelitsha lack 
basic services such as electricity and resort to burning coal, wood, and paraffin for 
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cooking and heating (City of Cape Town, 2018). Although the cooking and heating 
may occur throughout the day (which might explain why the pollutant concentrations 
over North Khayelitsha are elevated all day), these activities are likely more prevalent 
in the afternoon/evening, as more people are in their homes around that time (having 
come from school and work), families cook dinner, and fires are generated for heating 
against cold night-time temperatures. This could explain why the afternoon peak is 
much higher than the morning peak in North Khayelitsha. Although the South 
Khayelitsha station is located in the same general area as the North Khayelitsha 
station, it experiences much lower PM10 concentrations. This may be because the 
South Khayelitsha station is located in a section of the township that has more formal 
housing, where biomass burning for cooking and heating is less prevalent. 
Nevertheless, the results agree with previous studies (e.g., Walton, 2005; Tessema, 
2011), which observed that Khayelitsha has some of the highest PM10 concentrations 
in Cape Town.  
  
Atmospheric conditions could also be contributing to the overall diurnal variation of 
PM10 concentrations in Cape Town. In the morning, weak surface wind speeds (Figure 
4.1b) may inhibit pollution dispersion and increase concentrations of PM10. In the 
afternoon, stronger winds may enhance dispersion, which lowers the pollutant 
concentrations. Moreover, in the morning, shallow temperature inversions, induced by 
low morning temperatures (Figure 4.1c), can inhibit vertical mixing, which increases 
PM10 concentrations. As the surface warms up In the afternoon, the increased 
temperature can erode the shallow inversion. This would in turn enhance vertical 
mixing and reduce PM10 concentrations. Most of the stations experience the lowest 
PM10 concentration between 12:00 and 14:00, when wind speeds and temperatures 
are the highest (Figure 4.1). 
      
The characteristics of the diurnal variation of PM10 observed in the present study are 
similar to those reported by previous studies for SO2 (Jenner and Abiodun, 2013), NOx 
(Abiodun et al., 2014), and O3 (Nzotungicimpaye et al., 2014) over Cape Town. For 
example, these studies also found two peaks in the diurnal cycles of SO2, O3, and NOx 
over most of the stations. However, there are some differences in the timing of the 
peaks. While the morning peak in the diurnal variation of PM10 is comparable to that 
of SO2 and NOx (viz., at 08:00; Jenner and Abiodun, 2013; Abiodun et al., 2014), it is 
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different from those of O3 (viz., between 01:00 and 05:00 and between 12:00 and 
15:00; Nzotungicimpaye et al., 2014). This is expected as both SO2 and NOx are 
precursor gases for certain atmospheric particles (Perrino, 2010; Edgerton et al., 1999; 
Kumar et al., 2016), while O3 is produced via photochemical processes 
(Nzotungicimpaye et al., 2014). 
      
 
Figure 4.1: The diurnal variation of observed (a) PM10 concentration, (b) surface wind speed, and (c) 
temperature at various monitoring stations in Cape Town between 2008 and 2014. 
      
 
27 
 
4.2. Daily variation 
The daily PM10 concentration at the stations is highly variable (Figure 4.2). The 
concentration can vary from 4.17 to 128.50 μg m-3 (at Wallacedene in 2008) or 6.17 
to 192.80 μg m-3 (at North Khayelitsha in 2013) at a single station. Instances of daily 
concentrations of 0 μg m-3 are also observed (for example, Goodwood at the start of 
December 2008 or Goodwood in mid-July 2009), but these are likely due to 
mechanical failures at the monitoring stations. On numerous occasions, the 
concentration of the pollutant exceeded both the World Health Organization (WHO) 
and the South African 24-hourly mean standards for PM10 (50 μg m-3 and 75 μg m-3, 
respectively) at one or more stations. Between 2008 and 2014, the daily concentration 
of PM10 in Cape Town exceeds the South African standard  at one or more stations a 
total of 153 times (18, 36, 7, 11, 40, 22, and 19 days in 2008, 2009, 2010, 2011, 2012, 
2013, and 2014, respectively). Days where the pollutant exceeds the national standard 
at a single station are spread out randomly and show no particular pattern. However, 
days of more widespread pollution, when the pollutant exceeds the standard at two or 
more stations (i.e., episodes) occur in the autumn to winter months (i.e. between 
March and July). Nonetheless, it is possible that more episodes occurred outside this 
period, but due to missing data, they could not be identified. For example, between 
September and mid-December 2010 (Figure 4.2c), or January to May 2011 (Figure 
4.2d), PM10 data is available from only one station, so the criteria of an episode (as 
defined in this study) cannot be met. 
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Figure 4.2: Time series of the observed daily mean PM10 concentration at Cape Town monitoring 
stations between 2008 and 2014. The thin and thick red horizontal lines show the World Health 
Organization (WHO) and the South African 24-hourly mean PM10 standards (50 μg m-3 and 75 μg m-3, 
respectively). 
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4.3. Seasonal variation 
The concentration of PM10 over the city also varies with seasons, and the pattern of 
the seasonal variation differs across the stations (Figure 4.3a). For instance, in autumn 
and winter (March to August), while four stations (Foreshore, the Airport, Killarney and 
North Khayelitsha) experience more than the annual mean PM10 concentration, 
Vissershok experiences less than the annual mean PM10 concentration. In late spring 
and early summer (October to December), two stations (Foreshore and the Airport) 
experience less than the annual mean PM10 concentration, while Bellville experiences 
more than the annual mean PM10 concentration. The seasonal amplitude of some 
stations (e.g., Tableview) is relatively weak. 
      
The observed meteorological variables show that the seasonal variations in surface 
wind speed and temperature are similar across each set of stations (Figures 4.3b and 
4.3c, respectively). This suggests that, generally, the whole area of Cape Town 
experiences weaker wind speeds and lower temperatures in winter (and the reverse 
in summer). The seasonal variation of the meteorological variables can thus be used 
to explain the seasonal PM10 variation over some of the stations. For instance, the 
weak surface wind speeds (Figure 4.3b) and low surface temperatures (Figure 4.3c) 
during autumn and winter are consistent with higher than annual PM10 concentrations 
observed at Foreshore, the Airport, Killarney, and North Khayelitsha during those 
seasons. Both meteorological conditions inhibit pollution dispersion and lead to high 
PM10 concentrations. Furthermore, the occurrence of elevated pollutant 
concentrations in the autumn and winter and the associated meteorological conditions 
are similar to those reported for other pollutants, such as SO2 (Jenner and Abiodun, 
2013) and NOx (Abiodun et al., 2014), in Cape Town. However, the meteorological 
conditions do not explain the PM10 seasonal cycle over Vissershok or the weak 
seasonal variability of the pollutant at the other stations. Nevertheless, due to the lack 
of surface wind and temperature data at most of the PM10-monitoring stations, the 
study cannot conduct an in-depth, station-by-station analysis of the influence of 
meteorology on the seasonal variation of the pollutant. A plausible explanation for the 
patterns at Vissershok and the other stations could be that missing PM10 data throw 
off the realistic seasonal cycle. 
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The seasonal variation in local emission sources may also contribute to the observed 
seasonal patterns of PM10 over the city. For example, in North Khayelitsha (a largely 
informal settlement), during autumn and winter it is likely that more fires are generated 
for heating against the cold(er) temperatures, contributing to the higher than normal 
PM10 concentrations observed in those seasons. Although the same reason may not 
be applicable to the non-informal settlement stations which also exhibit higher than 
normal PM10 concentrations in autumn and winter (i.e., Foreshore, the Airport, and 
Killarney), transport of the pollutant from North Khayelitsha could be responsible for 
the elevated pollution over the stations. This is consistent with the results of the thesis 
(see Chapter 7), which show that PM10 emitted in Khayelitsha can affect other parts of 
Cape Town.  
 
In addition, seasonal variability in the load from regional transportation may also play 
a role. For instance, Tesfaye et al. (2015) showed that large areas of the Western 
Cape Province experience remote mineral dust from the Kalahari and Namib desert 
areas during the autumn to winter months. This is also consistent with the results of 
this thesis (see Chapter 6). However, while one might expect that regional transport 
should impose higher than normal PM10 concentrations over a wide area, the results 
of this thesis show how topography might influence the spatial distribution of the 
pollutant over Cape Town (see Chapter 6).  
 
 
31 
 
 
Figure 4.3: Seasonal variation of (a) PM10 concentration anomalies (in μg m-3), (b) surface wind speed, 
and (c) temperature as observed at various monitoring stations in Cape Town over the study period. 
The PM10 anomalies are with respect to the annual mean over each station. The annual mean values 
for the stations are shown inside the brackets (in μg m-3). Stations with less than 11 months’ data have 
been excluded.  
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Chapter 5 – Results and discussions part II: The simulated 
transport of PM10 over Cape Town during the episodes 
      
      
This chapter presents and discusses the results of the RMS simulations. The chapter 
starts by evaluating the capability of RMS in reproducing the observed PM10 and 
surface wind over Cape Town. The evaluation focuses on the capability of the model 
to simulate the daily PM10 concentration and surface wind speed and direction 
observed during the 11 to 12 days window of the episodes (i.e., the 5 days before, 
during, and 5 days after each episode). In the evaluation, measurements from the 
various monitoring stations over Cape Town have been averaged to represent the 
observations, while averages over the land area covering the city (18.40o – 18.80o E; 
34.10o – 33.50o S) are used to represent the simulations. Additionally, for easy 
comparison, the observed and simulated PM10 concentrations are standardised (using 
the mean and standard deviation for each episode window in each dataset). 
      
Following the evaluation is a discussion (and comparison) of the trajectory analyses 
(of air parcels in Cape Town during the PM10 episodes) from HYSPLIT and the RMS 
output. Next is a discussion of the synoptic conditions and PM10 transport associated 
with RMS-simulated peak days. RMS-simulated peak day refers to the day on which 
the parameterisation scheme simulates the highest PM10 concentration in Cape Town 
over the 11 to 12 day window of each observed episode (discussed in the evaluation). 
The discussion focuses on the spatial distribution of PM10 concentration and the 
associated meteorology (10 m wind as well mean sea level pressure) over the 2 days 
before and during each peak. Lastly, the chapter looks at the impact of topography on 
the spatial distribution of PM10 during the simulated peak days.  
 
5.1. Model evaluation 
The performance of RMS in capturing the daily variability of the observed PM10 
concentration over Cape Town during the 11 to 12-day windows varies across the 
episodes (Figure 5.1). While the correlation between the observed and RMS-simulated 
PM10 concentrations over the windows is very high for episode 2008 (r = 0.86), it is 
poor for episodes 2010b and 2011a (r = 0.22 and 0.14, respectively) and very poor for 
2009a, 2009b, 2009c, 2010a, 2011b, and 2012 (r = -0.38, -0.16, -0.15, -0.54, -0.02, 
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and -0.06, respectively). RMS generally underestimates the concentration of the 
observed PM10, with the negative bias ranging from 7.31 μg m-3 (day +4 of episode 
2012) to 122.10 μg m-3 (on the second day of episode 2011b). Nonetheless, the RMS 
simulations capture a local peak in PM10 concentration for all episode windows, 
although, in most cases the peak occurs earlier or later than in the observations. The 
local peak in the RMS-simulated PM10 occurs on the same day as in the observations 
for episode 2008, a day later for 2010a and 2012, two days earlier and two days later 
for episodes 2009b and 2011a, respectively, three days earlier for 2010b and 2011b, 
three days later for 2009a, and five days later for episode 2009c (Figure 5.1). 
      
RMS’s performance in simulating surface wind over Cape Town during the episode 
windows also varies (Figures 5.2 and 5.3). The model captures the wind speed very 
well for episodes 2009a, 2009b, 2009c, 2010a, 2010b, and 2012 (r = 0.86, 0.89, 0.82, 
0.87, 0.84, and 0.87, respectively), and moderately well for episodes 2011a and 2011b 
(r = 0.50 and 0.46, respectively) (Figure 5.2). In general, the RMS-simulated wind 
speeds are comparable to the observed wind speeds, but the simulations 
underestimate the observations in some cases and overestimate them in others. The 
positive bias in the simulations ranges from 0.02 m s-1 (day -4 of episode 2010b) to 
3.13 m s-1 (on the day of episode 2011a), while the negative bias ranges from 0.02 m 
s-1 (e.g., day +1 of 2010a) to 2.37 m s-1 (day +2 of 2009b). Regarding the wind 
direction, generally, RMS captures the south-easterly to south-westerly direction 
which is most frequently observed over the episode windows (Figures 5.2 and 5.3). 
  
There is no direct relationship between RMS’s performance in capturing the variability 
of the PM10 concentration and the variability of the wind over Cape Town. For instance, 
despite the good performance in reproducing the wind speed and wind direction for 
the 11-day window of episode 2009a, the model performs very poorly in reproducing 
the PM10 concentration for the same window. There may be several reasons for this. 
It could be due to the lack of exact PM10 emissions over the modelling domain. It could 
also be due to the shortcomings of the RMS set-up; the model may be struggling to 
simulate important processes (such vertical mixing or convection) which affect the 
modelled PM10. 
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Figure 5.1: Observed, RMS-simulated, and RGC-simulated daily PM10 concentration (in μg m-3) over 
Cape Town during the 11 – 12 days window of the episodes identified in this study. The dashed vertical 
lines indicate the episode day(s). For each episode window and each dataset, the PM10 concentration 
has been standardised with the mean and standard deviation. The observed, RMS-simulated, and 
RGC-simulated PM10 mean values (x ̅̅O, x ̅̅RMS, and x ̅̅RGC, respectively; in μg m-3) are shown for each 
episode window. 
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Figure 5.2: Observed, RMS-simulated, and RGC-simulated daily surface wind speed and direction over 
Cape Town during the 11 – 12 days window of the episodes identified in the study. The dashed vertical 
lines indicate the episode day(s) and the arrows show the wind direction. Wind observations are not 
available for 2008. 
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Figure 5.3: Pollution rose plots of the observations, RMS simulations and RGC simulations over Cape Town during the 11 –  12 days window of the 
episodes.  The plots show the simulated and observed PM10 concentration for wind coming from the indicated directions. For comparison purposes, the 
simulated PM10 for RMS has been multiplied by 10. Wind observations are not available for 2008. 
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5.2. Trajectories of air parcels associated with the observed PM10 episodes 
The HYSPLIT trajectories (Figure 5.4) show that most of the air parcels that arrived in 
Cape Town during the observed PM10 episodes were either from the southern African 
interior or the Namibian coast (or both). In some cases, all air parcels at the three 
heights (10, 100, and 1000 m) over the city were from the same area, while in others, 
they were from different areas. For example, all the air parcels were from the southern 
African interior during episodes 2009c, 2011b, and 2012 (Figures 5.4d, 5.4h, and 5.4i, 
respectively) and from the Namibian coast during episodes 2008 and 2011a (Figures 
5.4a and 5.4g, respectively). In the remaining four episodes, 2009a, 2009b, 2010a, 
and 2010b, at least one of the air parcels was from either the southern African interior 
or the Namibian coast (Figures 5.4b, 5.4c, 5.4e, and 5.4f, respectively). There are only 
two episodes (2009a and 2009b; Figures 5.4b and 5.4c, respectively) in which the 
surface (i.e., 10 m) air parcel was from the ocean south of the continent. Nevertheless, 
the HYSPLIT trajectories indicate that the air parcels from the southern African interior 
undertook a north-easterly trajectory and travelled through the Kalahari Desert before 
reaching Cape Town. All the air parcels from the Namibian coast were either advected 
south along the Namib Desert and then the South African coast, or were transported 
towards the Kalahari and then deviated south towards Cape Town. The surface air 
parcel from the ocean travelled in a south-westerly or southerly direction, and then 
deviated easterly to reach Cape Town. 
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Figure 5.4: 4-day back trajectories of air parcels in Cape Town at different heights (10, 100, and 1000 
m) during the identified PM10 episodes, computed with HYSPLIT. 
 
The trajectories generated with the RMS output (Figure 5.5) are similar to those of 
HYSPLIT, showing that most of the air parcels in Cape Town were from central 
southern Africa or the Namibian coast. In particular, RMS agrees with HYSPLIT that 
all the air parcels over Cape Town during episode 2008 were from the Namibian coast. 
However, there is some disagreement between the RMS and HYSPLIT trajectories 
during some of the episodes. For instance, during episode 2012, HYSPLIT indicates 
that all the air parcels (at all three heights) were from central southern Africa, but RMS 
shows that they were from the west coast of Namibia and Angola (Figures 5.4i and 
5.5i). In addition, with HYSPLIT, there is a better agreement between the trajectories 
of the air parcels at the three heights than with RMS. For example, during episodes 
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2009c, 2011a, and 2011b, HYSPLIT shows that the three parcels (at the different 
heights) were from the same area (Figures 5.4d, 5.4g, and 5.4h, respectively), but 
RMS indicates that they were from different areas (Figures 5.5d, 5.5g, and 5.5h, 
respectively). Although the RMS trajectories also show the ocean-originating 10 m air 
parcel during episode 2009a, the parcel originates further north-east than in the 
HYSPLIT results (Figures 5.4b and 5.5b). The discrepancies between the trajectories 
of the two Lagrangian models may be largely due to the differences in the 
meteorological datasets used to drive the models. Trajectory calculations are sensitive 
to properties such as vertical and horizontal resolutions of the input meteorological 
data (e.g., Su et al., 2015), both of which were different in the datasets used to drive 
the two models in the present study. Nevertheless, the back trajectories generated 
with both HYSPLIT and RMS driven trajectory model agree that the air parcels 
associated with the PM10 episodes in Cape Town travelled along (and possibly picked 
up dust from) one of the major dust sources on the sub-continent, viz., the Namib and 
Kalahari deserts. 
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Figure 5.5: Similar to Figure 5.4, but computed with a separate trajectory model using RMS simulations 
as input. 
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5.3. The transport and spatial distribution of PM10 during peak days  
In the RMS simulations, the peaks in PM10 concentration over Cape Town are linked 
to transport of the pollutant from the north-west coast of southern Africa (Figures 5.6 
and 5.9). The sequence of days linked to the peaks feature a trough which produces 
a plume of PM10 along the west coast. The coastal trough, which is well-established 
on the days prior to the peaks, is associated with north-easterlies over the sub-
continent and south-westerlies over the Atlantic Ocean. The north-westerlies transport 
PM10 over the Namib Desert into the trough, while the south-easterlies transport some 
of the PM10 towards the Atlantic Ocean; however, some of the PM10 accumulates and 
forms the pollution plume along the trough, with highest concentrations mostly along 
the edge of the continent (Figures 5.6 and 5.8). Through various mechanisms, PM10 
from the plume is transported into Cape Town and induces the peaks. For most of the 
peaks (2008, 2009c, 2010a, 2010b, 2011a, and 2011b), the pollution is channelled 
into the city by northerly flows associated with the trough and a high-pressure system 
over the sub-continent (Figures 5.6 and 5.9). Furthermore, on some of the peak days, 
for example 2010a and 2011a (Figures 5.6o and 5.6u, respectively), a col1 is present 
over Cape Town, producing weak wind and poor dispersion of the pollutant. Transport 
of the PM10 into Cape Town for peak 2012 is largely driven by a coastal low-pressure 
system as it moves towards the city (Figures 5.6y – 5.6a* and 5.9y – 5.9a*). For the 
remaining two peaks (2009a and 2009b), the PM10 is transported into Cape Town by 
south-westerly winds along the trough. The RMS-simulated synoptic patterns agree 
well with observations for peaks 2011a, 2011b, and 2012 (Figures 5.6 and 5.7)2.  
                                                          
1 Col refers to a neutral area of low pressure that lies between two high pressure systems, or the point 
of intersection between a ridge and a trough (Abiodun et al., 2014), and is associated with weak 
winds that produce stagnant air flow (Abiodun et al., 2014). 
      
2 Synoptic weather charts for previous years are not available. 
42 
 
      
 
Figure 5.6: The spatial distribution of RMS-simulated PM10 concentration and associated sea-level 
pressure for the sequence of days linked to the RMS peaks in Cape Town. Each row shows the two 
days before the peak (Day -2; Day -1) and the day of the peak. 
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Figure 5.6: (continued). 
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Figure 5.7: Synoptic sea level pressure over the sequence of days linked to RMS peaks 2011a (top 
row), 2011b (middle row), and 2012 (bottom row). Each row shows the two days before the peak (Day 
-2; Day -1) and the day of the peak. The observed synoptic charts are only available from 2011 (adapted 
from South African Weather Service, http://www.weathersa.co.za/climate/publications). 
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Figure 5.8: Vertical cross-section of the RMS-simulated PM10 concentration and wind vector profile (the 
arrow scale is indicated below the bottom left panel; unit: m s-1) at latitude 24o S (i.e., across the 
Namibian coast) on Day -2 of each RMS peak. The light grey shading represents topography. 
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Figure 5.9: Spatial distribution of the RMS-simulated PM10 concentration and the associated 10 m wind 
field (the arrow scale is indicated below the bottom left panel; unit: m s-1) over the Western Cape region, 
overlain with topography (black contour lines; unit: m), for the sequence of days linked to the RMS PM10 
peaks in Cape Town. Each row shows the two days before the peak (Day -2; Day -1) as well as the day 
of peak. 
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Figure 5.9: (continued). 
      
5.4. Impact of topography 
The RMS simulations also show that topography influences the spatial distribution of 
PM10 (Figures 5.9 and 5.10). Over Namibian coast, for instance, the pollutant is mostly 
channelled along the narrow, steep mountainous area on the coast (Figure 5.10). 
Along the Namibian-South African border (between about 28o and 29o S), the pollutant 
spreads eastwards, despite there being no westerly winds (except for the day of peak 
2012, and for day -1 as well as the day of peak 2009a), such that its distribution closely 
follows the shape of the topography. South of the border, the distribution narrows 
again, following the shape of the topography along the South African west coast. The 
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influence of topography is also clear at the local scale, over the Western Cape region 
(Figure 5.9). For instance, on the days of peaks 2008, 2010a, and 2012 (Figures 5.9c, 
5.9o, and 5.9a*, respectively), as the PM10 travels towards Cape Town, the protruding, 
~200 m-tall topographic feature around 32.5o – 33.2o S, 18.5o – 19.0o E blocks some 
of the pollutant, minimising the amount of remote PM10 that reaches the central parts 
of Cape Town. 
 
 
Figure 5.10: Similar to Figure 5.6, but overlain with topography (black contour lines; unit: m). 
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Figure 5.10: (continued).  
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Chapter 6 – Results and discussion part IV: Sensitivity of 
the simulated PM10 and atmospheric conditions to a 
change in chemistry parameterisation 
 
 
Chapter 6 discusses how the WRF-Chem-simulated PM10 and atmospheric conditions 
are sensitive to a change in chemistry parameterisation. It starts by comparing the 
performance of RGC (in reproducing the observed PM10 and wind conditions over 
Cape Town) with that of RMS (discussed in the previous chapter). The chapter then 
looks at how the change in chemistry parameterisation alters atmospheric transport 
and the spatial distribution of PM10 during the episodes and simulated peaks. The 
discussion on the effect of the change in chemistry parameterisation on PM10 
distribution and transport is based on the RGC peaks, which are days on which RGC 
simulates the highest PM10 concentration in Cape Town over the 11 – 12 windows of 
the episodes.  
  
6.1. Atmospheric conditions and PM10 concentrations over Cape Town 
The performance of RGC in reproducing the daily variability of the observed PM10 
concentration over Cape Town is generally similar to that of RMS but with some 
differences (Figure 5.1). For instance, while RGC also shows varying performance 
across the episode windows, in most cases the daily variability of the RGC-simulated 
PM10 is different to that of RMS. In addition, for most of the episode windows, RGC 
performs better than RMS in capturing the daily variability of the pollutant (Figure 5.1; 
Table 6.1). For RGC, the correlation between the simulated and observed daily PM10 
concentration is high for the windows of 2008, 2009b, 2010b, and 2012 (r = 0.67, 0.61, 
0.71, and 0.77, respectively), poor for episode 2010a (r = 0.25), and very poor for 
episodes 2009a, 2009c, 2011a, and 2011b (r = 0.10, -0.04, 0.06, and -0.27, 
respectively). Generally, RGC also underestimates the concentration of the PM10 over 
Cape Town, however, for each episode window the mean simulated pollutant 
concentration is higher with RGC than RMS (Figure 5.1; Table 6.1). Moreover, unlike 
RMS, RGC over-estimates the concentration of the observed PM10 over Cape Town 
in some instances (while RMS only under-estimates the pollutant concentration). The 
positive bias in the RGC-simulated PM10 ranges from 0.18 μg m-3 (day +5 2009a) to 
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93.75 μg m-3 (day -3 of 2011b), and the negative bias from 0.8 μg m-3 (day +2 of 
episode 2010b) to 100.30 μg m-3 (on the day of episode 2011a). While RGC also 
captures most of the peaks in PM10 concentration over Cape Town earlier or later than 
in the observations, the peaks occur on a different day to those of RMS in most cases. 
The local peak in the RGC simulations occurs on the same day as in the RMS 
simulations for the windows of episodes 2010a and 2011b (i.e., a day later and three 
days earlier than the observations, respectively),  but on the second day of the 
observed episode for 2008, on the same day as the observations for episodes 2009b 
and 2012, two days earlier for 2009c, four days earlier and four days later for episodes 
2010b and 2011a, respectively, and five days later for episode 2009a (Figure 5.1; 
Table 6.1). 
      
The capability of RGC to simulate the wind over Cape Town also compares well to 
that of RMS, though with slight differences (Figures 5.2 and 5.3). RGC also shows 
varying performance (across the episode windows) in replicating the daily variability 
of the observed wind speed over Cape Town. The RGC simulations capture the 
variability very well for episode windows 2009a, 2009b, 2010a, 2010b, and 2012 (r = 
0.84, 0.93, 0.84, 0.87, and 0.82, respectively), well for 2009c (r = 0.69), but poorly for 
2011a and 2011b (r = 0.40 and 0.33, respectively) (Figure 5.2; Table 6.1). The 
performance is comparable to that of RMS but shows a slight improvement (a 
maximum of r = 0.04, episode 2009b) and slight decline (a maximum of r = 0.13, 
episode 2011b) for some windows (Table 6.1). RGC also underestimates the observed 
wind speed in some cases and overestimates it in others, with the positive bias ranging 
from 0.03 m s-1 (day +2 of episode 2010b) to 3.50 m s-1 (day -1 of 2011a), and the 
negative bias ranging from 0.04 m s-1 (on day +2 of 2010a) to 3.20 m s-1 (day -2 of 
2009c). As for the wind direction, generally, RGC also captures the south-easterly to 
south-westerly direction most frequently observed over the episode windows (Figures 
5.2 and 5.3). 
      
RGC also shows no direct relationship between its performance in capturing the 
variability of the PM10 and that of the wind over Cape Town. For example, RGC 
performs very well in capturing the wind speed and direction for the 11-day windows 
of episodes 2009a and 2010b but performs poorly in capturing the PM10 for the same 
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windows. Therefore, the same explanation for the poor performance of RMS in 
simulating the PM10 despite capturing the wind well can be applied here as well. 
      
Nevertheless, differences in the simulations from the two model set-ups can be 
explained by a number of factors. The main contributor to the differences is likely the 
lack of aerosol feedback effects in the RGC simulations (aerosol feedbacks are 
incorporated in the RMS set-up). Various studies have shown that aerosol effects can 
have significant impacts on modelled meteorology (Fast et al., 2006; Forkel et al., 
2012). For instance, Fast et al (2016) found that WRF-Chem significantly over-
estimated simulated shortwave radiation when direct aerosol radiative forcing was 
neglected. Their modelled solar radiation was much closer to the observations when 
aerosol feedbacks were considered. The higher PM10 concentrations in the RGC 
simulations (compared to RMS) can be contributed to the lack of wet-scavenging (i.e., 
removal of particles in the atmosphere by precipitation and clouds) in the RGC 
configuration. For example, consistent with our results, Wang et al. (2016) found that 
WRF-Chem simulation without wet-scavenging produced higher pollutant 
concentrations than with wet-scavenging. They showed that the simulation without 
wet-scavenging over-estimated the concentration of PM10 (as well as other pollutants) 
when compared with observations. However, in the present study both RMS and RGC 
under-estimate the observed PM10, which may be due to the lack of exact emission 
rates of PM10 over Cape Town. Nevertheless, the differences in the RMS and RGC 
simulations could also be due to the different microphysics schemes used in the 
experiments. 
      
6.2. Air parcel trajectories 
The air parcel trajectories computed with the RGC output (Figure 6.1) show some 
similarities with those of RMS (Figure 5.4), but with some differences. For example, 
RGC generally agrees with RMS that all air parcels in Cape Town during episodes 
2010a, 2011b, and 2012 (Figures 6.1e, 6.1h, and 6.1i, respectively) were from central 
southern Africa or the Namibian coast, although, for instance, the 10 m air parcel 
during episode 2012 originated over the coast in RMS but over the interior in RGC. 
For episode 2011a (Figure 6.1g), RGC generally agrees with RMS that the 10 m air 
parcel originated south-east over the ocean and the 1000 m air parcel inland from the 
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north, but disagrees with RMS on the origin of the 100 m air parcel; in the RMS 
trajectories, the 100 m air parcel originated inland from the north, but originated south-
east over the ocean in the RGC trajectories. Overall, compared to RMS, RGC shows 
less agreement with HYSPLIT on the trajectories of the air parcels in Cape Town 
during the observed PM10 episodes. The comparison of the trajectory analyses of the 
two parameterisation schemes shows that the lack of aerosol feedbacks can also 
affect the atmospheric transport in the WRF-Chem simulations. Nonetheless, the 
discrepancies between the RMS and RGC trajectories could also be a result of the 
different microphysics options used in the two simulations. 
      
 
Table 6.1: Summary of the comparison between RMS and RGC in simulating PM10 and 10 m wind 
speed over Cape Town during the 11 – 12-day windows of the PM10 episodes. The table shows mean 
PM10 concentration over the episode windows, correlation of the daily mean PM10 concentration with 
observations, day of the peak PM10 concentration (relative to the observations), and correlation of the 
daily mean wind speed with the observations for each parameterisation scheme. 
Episode 
Mean PM10 conc.  PM10 correl. with  PM10 peak day  Wind speed correl.   
(μg m-3) obs. (r) rel. to obs. with obs. (r) 
RMS RGC RMS RGC RMS RGC RMS RGC 
2008   2.90 18.15  0.86  0.67   0  0 - - 
2009a   5.08 23.81 -0.38  0.10 +3 +5 0.86 0.84 
2009b   5.33 26.21 -0.16  0.61  -2  0 0.89 0.93 
2009c 20.42 43.38 -0.15 -0.04 +5 -2 0.82 0.69 
2010a   4.86 33.36 -0.54  0.25 +1 +1 0.87 0.84 
2010b   4.21 25.23  0.22  0.71  -3  -4 0.84 0.87 
2011a   4.50 32.18  0.14  0.06 +2 +4 0.50 0.40 
2011b   4.53 50.71 -0.02 -0.27  -3  -3 0.46 0.33 
2012   4.36 13.11 -0.06  0.77 +1   0 0.87 0.82 
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Figure 6.1: Similar to Figure 5.5, but using RGC simulations as input. 
      
6.3. PM10 transport and spatial distribution during peak days  
The circulation patterns associated with the RGC peaks in Cape Town are generally 
similar to those of the RMS peaks, also showing a well-established trough along the 
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west coast prior to (and in some cases, during) the events (Figure 6.2). Similar to the 
RMS simulations, the trough produces a plume of high PM10 concentration along the 
west coast. Nevertheless, there are some differences between RGC and RMS in the 
spatial distribution of the PM10. For instance, the RGC simulations generally show 
lower PM10 concentrations along the Namibian coast for the sequence of days linked 
to peaks 2008 (especially), 2009a, 2009b, and 2010a (Figures 6.2 and 6.3). On the 
other hand, the RGC simulations generally show much higher PM10 concentrations 
over Cape Town during the peaks compared to RMS (Figure 6.4). In addition, although 
the RGC simulations show the plume of PM10 which extends from the Namibian coast 
to Cape Town (with the exception of peak 2008), it is difficult to assess how the 
pollutant concentrations over Cape Town evolve prior to most of the peaks. 
      
In the RGC simulations, the influence of topography on the spatial distribution of the 
PM10 is clear at the continental scale, but not the local scale (Figures 6.4 and 6.5). 
Channelling of the pollutant along the narrow, steep mountainous area along the 
Namibian coast is also evident over the sequence of days linked to some of the peaks, 
for example 2009a, 2011a, and 2012. Similarly, the eastward deviation along the 
Namibian-South African border (despite the lack of westerly winds) and narrowing 
south of the border, such that the distribution of the pollutant follows the shape of the 
topography, is seen in the RGC simulations as well. The effect of topographical 
features over the Western Cape region on the transport of remote PM10 into Cape 
Town (discussed for the RMS simulations in Chapter 5.4) is not as visible in RGC 
simulations. 
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Figure 6.2: Similar to Figure 5.6, but for the RGC simulations and RGC peaks. 
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Figure 6.2: (continued). 
      
      
58 
 
 
Figure 6.3: Similar to Figure 5.8, but on for the RGC simulations and on Day -2 of the RGC peaks.  
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Figure 6.4: Similar to Figure 5.9, but for the RGC simulations and RGC peaks.  
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Figure 6.4: (continued). 
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Figure 6.5: Similar to Figure 5.10, but for the RGC simulations and RGC peaks. 
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Figure 6.5: (continued). 
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Chapter 7 – The influence of emissions from Khayelitsha 
on PM10 distribution over Cape Town 
      
 
This chapter discusses the influence of local PM10 emissions from Khayelitsha over 
the Cape Town metropolitan area by analysing the KAYE simulations. It isolates the 
influence of the idealised Khayelitsha emissions by subtracting RGC simulations from 
the KAYE simulations. For this experiment, only the simulations without aerosol 
feedbacks (i.e., RGC and KAYE) are discussed. The reasoning is that, while the 
introduction of the local emissions does not alter the wind circulations in the non-
aerosol-feedback simulation (i.e., in RGC and KAYE), it does so in the with-aerosol-
feedback simulation (i.e., RMS), thereby making it difficult to limit the impact of the 
local emission to PM10 distributions, which is the focus of this chapter.  
 
The simulations show three general patterns in the spatial distribution of Khayelitsha 
PM10 emissions over Cape Town. The first pattern, which is simulated during peak 
2009c (Figures 7.1c), is associated with strong north-westerly winds over the city. 
Under these wind conditions, the Cape Town metropolitan area experiences minimal 
PM10 pollution from Khayelitsha, as most pollution from the township is transported 
south over False Bay. As can be seen during peak 2009c, only the area over the 
central to eastern edges of the Bay are affected by the pollution from the township, 
and the pollution only reaches the two Khayelitsha monitoring sites (North and South 
Khayelitsha stations). The second pattern is simulated during peaks 2009a, 2009b, 
and 2012 (Figures 7.1b, 7.1c, and 7.1i, respectively). Although not associated with a 
single, distinct wind condition over Cape Town, in this distribution pattern, PM10 from 
the township covers most of the southern half of Cape Town (although some pollution 
is transported south over False Bay). The most intense pollution from the township, 
seen during peaks 2008, 2010a, 2010b, 2011a, and 2011b (Figures 7.1a, 7.1e, 7.1f, 
7.1g, and 7.1h, respectively), is associated with strong southerly winds over Cape 
Town. For these five peaks, the simulations show that pollution from the township 
covers almost all of Cape Town, with the pollution being detectable from almost all the 
monitoring stations in the city.  
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Figure 7.1 also shows the role of topographical features on the distribution of the 
pollution from Khayelitsha. For example, under south-westerly wind conditions, the 
mountainous chain along the eastern parts of Cape Town (centred along ~19.00o E) 
obstructs the dispersion of the pollution from the township. This is most evident during 
peaks 2009a, 2010b and 2011b (Figures 7.1b, 7.1f and 7.1h, respectively), where very 
little pollution is able to disperse beyond mountain chain, thus accumulating the 
pollution in the low-lying areas west of the obstruction. Topographic influence can also 
be seen during peaks 2008 and 2011b (Figures 7.1a and 7.1h) for example, where the 
topographic setting to the north-east of the domain channels and accumulates the 
pollution along the area between the mountains. The most efficient dispersion of 
pollution from the township is provided by strong, northerly flows, as seen in the case 
of peaks 2009c, where most of the PM10 is transported south over False Bay.  
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Figure 7.1: The spatial distribution of PM10 concentrations in Cape Town resulting solely from emissions 
in Khayelitsha. The figure shows the spatial distribution of the pollutant for each RGC peak and is 
overlain with topography (black contours; unit: m) and 10 m wind (the arrow scale is indicated below 
the lower left panel). The cyan triangles show the locations of the air quality monitoring stations over 
Cape Town. 
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Chapter 8 – Conclusions 
      
 
8.1. Summary 
As part of the continuing efforts to understand the causes of poor air quality in Cape 
Town, the study has investigated how transport of PM10 from remote sources can 
contribute to high PM10 episodes over the city. Observations from the Cape Town’s 
quality monitoring stations between 2008 and 2014 and simulations from the WRF-
Chem model were analysed for the study. The observations were used to study the 
temporal variations in PM10 concentrations and to identify PM10 episodes (which were 
defined as a day on which the daily average concentration of the pollutant exceeded 
75 μg m-3 at two or more stations) in the city. WRF-Chem was used to simulate 
atmospheric conditions and PM10 transport over southern Africa during the episodes.  
      
Two chemistry parameterisation schemes were applied in the simulations: RADM2 
chemistry parameterisation scheme coupled with the MADE/SORGAM aerosol 
module (RMS) and RADM2 chemistry parameterisation scheme coupled with the 
GOCART aerosol module (RGC).  The key difference between the two 
parameterisation schemes is that RMS accounts for aerosol-radiation feedback, 
indirect aerosol effect, and wet-scavenging, while RGC does not. For both schemes, 
each simulation was performed for a period comprising the six days before, during, 
and the five days after the episode. The capability of both WRF-Chem set-ups in 
simulating the wind and the PM10 concentration over Cape Town was evaluated by 
comparing the simulations with the station observations. To identify the paths of air 
parcels in Cape Town during each episode, the study also employed four-day back-
trajectories from three simulations, one from the HYSPLIT model and one each from 
the two WRF-Chem model set-ups. A third experiment (KAYE), with the same set-up 
as RGC, except for an idealized continuous area emission being introduced over 
Khayelitsha area, was performed to examine the influence of idealized local emissions 
from the township on the spatial distribution of PM10 concentration over Cape Town. 
      
The results of the study can be summarised as follows: 
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● The diurnal variation of PM10 at the stations features two distinct peaks: one in 
the morning and the other in the afternoon. The peaks are mainly due to traffic 
emissions, but atmospheric conditions also contribute to the variation. 
● Among the stations, North Khayelitsha station shows the highest 
concentrations, especially in the afternoon and evening. This is attributed to 
additional PM10 emissions from domestic burning of coal, wood, and paraffin 
for cooking and heating, which are prevalent in the township. 
● RMS reproduces the observed wind speed and direction over Cape Town 
during the episodes reasonably well, but struggles to reproduce the observed 
PM10. Generally, the RMS simulations underestimate the concentration of the 
observed PM10, and for most episodes, reproduce the peak PM10 concentration 
some days earlier or later than the observations. 
● The back-trajectories from both HYSPLIT and RMS agree that most of the air 
parcels that arrived in Cape Town during the episodes originated from central 
southern Africa or the Namibian coast, and travelled over the Kalahari or the 
Namib Desert (or both) before reaching the city. 
● In the RMS simulations, the peaks in PM10 concentration over Cape Town are 
linked with the transport of the pollutant from the north-west coast of southern 
Africa. The pre-PM10 peak days feature a coastal trough, which produces a 
plume of high PM10 concentration along a coast. Northerly flows (in most cases 
driven by the trough and a continental high-pressure system) channel PM10 
from the plume into Cape Town to induce the peaks. 
● The RMS simulations also show that the topography north of Cape Town can 
influence the spread of remote PM10 into Cape Town by blocking some of the 
pollutant being transported from the north, minimising the amount reaching 
some parts of the city. 
● The simulations of PM10 and air parcel trajectories with WRF-Chem show 
sensitivity to a change in the chemistry parameterisation.  
● Although RGC shows similar general characteristics to RMS in reproducing the 
wind and PM10 concentrations over Cape Town during the episode windows, 
RGC simulates higher PM10 concentrations (although still lower than the 
observations, on average). Furthermore, in most cases, the RGC simulations 
capture peak PM10 concentrations on a different day to the RMS simulations. 
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● The trajectories of air parcels arriving in Cape Town during the episodes 
generated from the RGC simulations are mostly different to those of RMS. In 
addition, overall, compared to RMS, the RGC trajectories show less agreement 
with those from HYSPLIT. 
● The RGC-simulated peak days show similar circulation patterns to those of 
RMS, and in some cases, show similar mechanisms of PM10 transport from the 
Namibian coast plume into Cape Town. However, with RGC, higher 
concentrations of PM10 are simulated over Cape Town.  
      
● PM10 pollution from Khayelitsha shows three general spatial distribution 
patterns over the Cape Town metropolitan area, namely, the pollution mostly 
spreads south over False Bay, covers the southern half of Cape Town, or 
covers most of Cape Town.  
● Local topography along the eastern edges of Cape Town promotes the 
accumulation of PM10 from Khayelitsha, as it can obstruct dispersion of the 
pollution. 
● Strong north-westerly winds provide the most efficient dispersion of the PM10, 
as they transport the pollution away from the city and over False Bay.  
 
8.2. Recommendations for future research 
To provide more robust information for policy-makers, the results of this study can be 
improved in a number of ways. For instance, while this study indicates that PM10 from 
remote sources can contribute to the PM10 concentration over Cape Town, the study 
could not quantify the percentage of the contribution due to the lack of compressive 
emission inventories. Future studies should focus on quantifying the contribution of 
the remotely-transported PM10 to local concentrations in Cape Town. This will show 
whether the poor air quality in the city is locally driven or not. Quantifying the 
contribution of the remotely transported PM10 to local concentrations requires reliable 
emission inventories for the city, which are currently lacking. Thus, future research 
should also focus on developing accurate emission inventories for Cape Town (and 
southern Africa at large). In addition to enabling the contribution of remotely-sourced 
pollution in Cape Town to be estimated, the emission inventories would also help to 
improve the modelling of PM10 (as well as other pollutants) over the city. 
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8.3. Publication  
Molepo, K.M., Abiodun, B.J., Magoba, R.N., 2019. The transport of PM10 over Cape Town 
during high pollution episodes. Atmospheric Environment 213, 116–132. 
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